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Sepsis is a clinical syndrome characterized by a multisystem response to a pathogenic assault due to underlying infection that
involves a combination of interconnected biochemical, cellular and organ–organ interactive networks. After the withdrawal of
recombinant human-activated protein C (rAPC), researchers and physicians have continued to search for new therapeutic
approaches and targets against sepsis, effective in both hypo- and hyperinflammatory states. Currently, statins are being
evaluated as a viable option in clinical trials. Many agents that have shown favourable results in experimental sepsis are not
clinically effective or have not been clinically evaluated. Apart from developing new therapeutic molecules, there is great
scope for for developing a variety of drug delivery strategies, such as nanoparticulate carriers and phospholipid-based systems.
These nanoparticulate carriers neutralize intracorporeal LPS as well as deliver therapeutic agents to targeted tissues and
subcellular locations. Here, we review and critically discuss the present status and new experimental and clinical approaches
for therapeutic intervention in sepsis.
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AKI, acute kidney injury; ANP, atrial natriuretic peptide; BNEP, bactericidal neutralizing endotoxin protein; BPI,
bactericidal/permeability-increasing protein; C5aR, complement component 5a receptor; CLP, caecal ligation puncture;
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migration inhibitory factor; MP-1, Mastoparan-1; MSCs, mesenchymal stem cells; NETs, neutrophil extracellular traps;
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Table of Links

TARGETS LIGANDS

C5a receptor All trans-retinoic acid (ATRA), tretinoin IL-6 PAF, platelet activating factor

Caspase Atorvastatin IL-8 (CXCL8) PMX53

CXCL2 C5a complement IL-10 Simvastatin

CXCR2 Cathelicidin LL-37 IL-12 TNFα

ER-β, oestrogen receptor β Chloroquine IL-33

Haem oxygenase 1 Curcumin LPS

HMG-CoA reductase DHEA, dehydroepiandrosterone Metyrapone

NOS Eritoran Mifepristone (RU486)

TLR4, Toll-like receptor 4 IL-1β PACAP, pituitary adenylate
cyclase-activating polypeptide

This Table lists key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c,d).

Introduction

Despite much effort to develop effective drugs, sepsis is the
second most common cause of death in non-coronary inten-
sive care units and is the tenth leading cause of death in the
United States (Angus et al., 2001). Annually, over 750 000
people are affected by sepsis with high morbidity (more than
210 000 deaths) (Angus et al., 2001). According to recent
studies, sepsis contributes over 6% of total deaths in the
United States, with an average increment of 1.5% every year.
Sepsis forecasts are predicting a catastrophic rise to about
1 110 000 cases annually by 2020 (Melamed and Sorvillo,
2009).

The mortality rates associated with the systemic inflam-
matory response syndrome (SIRS), sepsis, severe sepsis and
septic shock are 7, 16, 20 and 46% respectively. Although the
percentage of mortality with sepsis is higher in Europe than
in the United States, the proportion of patients with single
organ failures is higher in the United States (Levy et al., 2012).

In clinical terms, sepsis is basically a systemic inflamma-
tory response to severe infection or tissue damage, leading to
hyperactive and unbalanced levels of pro-inflammatory
mediators. It leads to an increase in vascular permeability,
changes in cardiac function and alteration of metabolic
balance, which results in tissue necrosis, multiple organ
failure, hypotension, hypoperfusion and finally death
(Rittirsch et al., 2008). Sepsis occurs when the SIRS is accom-
panied by infections such as pneumonia and urinary tract
infection. SIRS is generally defined by the presence of two or
more of the clinical features listed in Figure 1. Sepsis followed
by septic shock is the most severe form of sepsis and is
associated with hypotension, which is refractory to adequate
fluid resuscitation. In this review, emphasis has been laid on
the discussion of pathophysiology of sepsis and current
experimental, clinical and possible approaches being
employed for the reduction of the clinical outcomes of sepsis
and septic shock.

Pathophysiology of sepsis

Sepsis is inflammatory dys-regulation exhibited after bacterial
infection. Microorganisms have special structural compo-
nents known as pathogen-associated molecular patterns
(PAMPS), such as LPS (endotoxin) in Gram-negative bacteria
and peptidoglycans in Gram-positive bacteria. These foreign
molecules interact with host cell receptors known as Toll-like
receptors (TLRs) expressed by host immune response cells
such as macrophages. Among TLRs, TLR4 selectively recog-
nizes bacterial LPS or endotoxins (Beutler, 2002) and trans-
duces their signal to the interior of cells through NF-κB,
leading to transcription of pro-inflammatory cytokines such
as TNF-α, IL-1 and IL-6 (Anas et al., 2010). The TLRs have
intracellular domains, which interact with intracellular
adaptor proteins, such as the myeloid differentiation factor
88 (MYD88), that relay the agonist signal and induce activa-
tion of NF-κB-mediated genes. This interaction between the
macrophage and the foreign molecule causes the release of
early mediators, such as TNF-α, IL-8, IL-1β and IL-6 (van der
Poll and Opal, 2008) and late inflammatory mediators in
order to protect the host from the microbial insult.

When exposed to a burst of these mediators secreted by
macrophages, the endothelial cells undergo activation,
causing the release of cytokines, pro-coagulant molecules,
platelet-activating factor and NO, leading to the disruption of
the endothelial barrier (Hack and Zeerleder, 2001). Endothe-
lial activation promotes the migration of neutrophils and
phagocytes to infected tissue, which leads to increased vas-
cular permeability, changes of vascular tone, microvascular
thrombosis, intravascular coagulation and finally shock
(Hack and Zeerleder, 2001; Remick, 2007).

In severe stages of sepsis, the pro-inflammatory mediators
also deregulate the coagulation cascade (both extrinsic and
intrinsic clotting pathways) by impairing the activities of
tissue factor pathway inhibitor (TFPI), antithrombin, the
protein C–activated protein C (APC) system and fibrinolysis
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(van der Poll and Opal, 2008). TFPI is an endothelial cell-
derived protease inhibitor that inhibits the activity of factor
Xa. Antithrombin inhibits thrombin factors such as Xa and
IXa. Protein C is a vitamin K-dependent plasma serine pro-
tease that has an anticoagulant activity (Griffin et al., 2007)
and is activated when thrombin is bound to thrombomodu-
lin co-factor. APC has the ability to inactivate the clotting
co-factors Va and VIIIa and plasminogen activator inhibitor
1. Deficiency of protein C (due to reduction of thrombo-
modulin activity by TNF-α) results in abnormalities in coagu-
lation. Therefore, administration of recombinant-activated
protein C (rAPC) has been used as an approach to treat sepsis.
High mobility group box-1 (HMGB-1), a novel late pro-
inflammatory mediator that is bound to nuclear DNA, plays a
major role in nucleosome stabilization, gene transcription
and acts as a major mediator of systemic inflammation
(Andersson and Tracey, 2003). HMGB-1 causes tissue injury
and organ dysfunction at the late stage of lethal sepsis,
acts on TLR4 and sustains the inflammatory response pro-
duced by early mediators by stimulating the release of TNF-α,
IL-1β, IL-6 and other pro-inflammatory mediators from
macrophages/monocytes (Andersson and Tracey, 2003).
Although the initial release of inflammatory mediators by
macrophages protects the host but their excessive release a
hyper inflammatory state, which causes the activation of the
complement system and the formation of the potent pro-
inflammatory peptide, C5a (complement component 5a) and
other complement products in the circulation, which leads to
loss in control of complement activation. C5a has also the
ability to induce coagulation cascade and release pro-
inflammatory mediators, such as macrophage migration
inhibitory factor (MIF) and HMGB-1, which play a prominent
role in the pathogenesis of sepsis (Rittirsch et al., 2008). Inter-
action of C5a with its receptor C5aR on neutrophils triggers

signalling pathways and releases powerful chemotactic
attractants for neutrophils (LTB4) and induces aggregation of
platelets, via TxA2. C5a also enhances the function of LPS,
causing increased endothelial cell production of the IL-8
family of CXC-chemokines, other CC-chemokines and IL-6.
In the presence of C5a, macrophages also produce pro-
inflammatory mediators such as TNF-α and a variety of
chemokines, on stimulation by LPS. The decrease in plasma
levels of TNF and IL-6 after blockade of C5aR indicates that
C5a, C5aR and IL-6 are all involved in the pathogenesis of
sepsis (Czermak et al., 1999).

LPS and pro-inflammatory mediators, such as TNF-α,
IFN-γ and C5a, are strong inducers of MIF production by
leukocytes (Riedemann et al., 2004). MIF also enhances
expression of TLR4 on macrophages, which recognize foreign
molecules and release pro-inflammatory mediators. At high
concentrations, MIF produces sustained inflammatory
responses due to its inhibitory activity on p53-dependent
apoptosis of activated macrophages. MIF has a special prop-
erty that it links the immune system with the endocrine
system. Another important effect of MIF contributing to the
pathogenesis of sepsis is its antagonism of the anti-
inflammatory effects of endogenous steroids (Calandra and
Roger, 2003).

A recent study has shown that platelets were involved in
the pathogenesis of sepsis by inducing the formation of neu-
trophil extracellular traps (NETs). NETs are nuclear- or
mitochondrial-derived DNA strands formed and released by
neutrophils, coated with histones and antimicrobial proteins
and are capable of capturing and killing bacteria, fungi and
parasites. During sepsis, both neutrophils and platelets are
recruited to the small capillaries of the liver, lung and other
organs. Platelets interact with and activate neutrophils to
release NETs from it. Prior to interaction of platelets with

Figure 1
Consensus conference definitions of systemic inflammatory response syndrome, sepsis, severe sepsis and septic shock.
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neutrophils, platelets must recognize the bacterial surface
molecule LPS through TLR4. Although the release of NETs
from neutrophils leads to the killing of microbes, it simulta-
neously exposes dangerous neutrophil enzymes that can
damage the endothelium and vital organs, especially the liver
and lungs (Urban and Zychlinsky, 2007). The pathophysiol-
ogy of sepsis is summarized in Figure 2.

LPS removal by liver
Triglyceride (TG)-rich lipoproteins protect animals from
endotoxemic death by two complementary mechanisms: (i)
by binding endotoxin and inhibiting its activity directly and
(ii) by accelerating endotoxin clearance from plasma. All lipo-
proteins, including TG-rich VLDL (very-low-density lipopro-
tein) and chylomicrons, and cholesterol ester-rich HDL
(high-density lipoprotein) and LDL (low-density lipoprotein)

(Shao et al., 2012) have been shown to bind and inactivate
endotoxin in vitro (as measured by the Limulus assay). Lipo-
proteins also block the ability of endotoxin to induce secre-
tion of the cytokines TNF, IL-1 and IL-6 from macrophages in
cell culture (Feingold and Grunfeld, 2011). In caecal ligation
and puncture (CLP) models of sepsis, the endotoxin bound to
circulating TG-rich particles would be effectively masked
from the reticuloendothelial system, hence reducing
endotoxin-induced stimulation of macrophages and secre-
tion of TNF-α.

TG-rich lipoproteins can also prevent macrophage activa-
tion, especially in liver, by redirecting endotoxin metabolism
(Feingold and Grunfeld, 2011). Chylomicron-bound endo-
toxin is transported via the route of chylomicron transport
rather than by the endotoxin molecule. Chylomicrons accel-
erate the clearance of endotoxin from plasma by increasing

Figure 2
Pathophysiology and major targets for combating sepsis.

BJP P Shukla et al.

5014 British Journal of Pharmacology (2014) 171 5011–5031



uptake of endotoxin by the liver, and chylomicron/
endotoxin complexes, like chylomicrons alone (Shao et al.,
2012), are rapidly cleared by hepatocytes, thereby bypassing
the Kupffer cells, which finally results in lower peak serum
TNF-α levels (Shao et al., 2012) (Figure 3). TG-rich lipopro-
teins can bind to LPS and thus modulate the host response to
this toxic macromolecule by (i) inhibiting the activation of
macrophages, monocytes and other LPS responsive cells; (ii)
promoting the catabolism of LPS by the hepatic parenchymal
cells; and (iii) inhibiting the response of hepatocytes to pro-
inflammatory stimuli.

Organ-specific pathophysiology
Sepsis induced multiple organ dysfunctions and injury is the
leading cause of death among critically ill patients. Major

organs affected by LPS-induced organ injury are liver, lung,
kidney, and cardiovascular and microcirculatory systems.
Excessive production of inflammatory mediators induced by
LPS and underlying infection leads to coagulation, endothe-
lial damage and microvascular leakage, resulting in organ
dysfunction and injury.

Lung. Endothelial leakage of fluids and proteins into the
interstitium, infiltration of activated neutrophils, loss of sur-
factant, mononuclear cell infiltration, type II pneumocyte
proliferation and interstitial fibrosis are some of the major
events that occur during early inflammatory process in lungs
after infection (Greenlee et al., 2007). Reactive oxygen species
(ROS) also play an important role in the pathogenesis of lung
injury, which mainly affects inflammatory response through
redox signalling (Abraham and Singer, 2007). Respiratory

Figure 3
Possible mechanisms for modulation of the host inflammatory response by triglyceride (TG)-rich lipoproteins. (1) LPS enters in blood circulation
and (2) stimulates macrophages and endothelial cells to (3) produce cytokines and other mediators of inflammation, including TNF-α, IL-1β and
nitric oxide; LPS triggers cell activation by interaction with proteins, including LBP and membrane-bound and soluble forms of CD14 (mCD14).
Cytokines secreted by LPS-stimulated cells (4) are responsible for hepatic stimulation, leading to a dramatic alteration in hepatic protein synthesis
– ‘the acute phase response’. This cytokine-mediated change in gene expression includes (5) increased production and release of TG-rich
lipoproteins (VLDL), and LBP, a 60 kDa protein with lipid transfer activity capable of (6) ‘binding’ LPS to lipoproteins. TG-rich lipoproteins
modulate the host response to LPS by first, the formation of lipoprotein–LPS complexes which scavenge the LPS still in the circulation, thus
neutralizing its toxicity. Secondly, the complexes are (7) cleared by the liver in a manner that dampens the hepatic response to further cytokine
stimulation, thereby modulating the acute phase response. sCD14, soluble CD14.
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failure in patients may further exacerbate tissue damage to
lung as well as other organs. Mechanical ventilation is essen-
tial in these patients to maintain normal blood oxygen levels
in severe cases and may increase tissue damage by inducing
release of pro-inflammatory cytokines (Pereira et al., 2013).
These events also lead to polymorphonuclear leukocyte
migration and activation, causing the release of proteases
such as matrix metalloproteinases, which leads to active
destruction of alveolar microstructure by degradation of
elastin and collagen, worsening the gaseous exchange in
lung, leading to respiratory failure (von Ranke et al., 2013).

Kidney. Sepsis is one of the leading causes of acute kidney
injury (AKI). Patients with sepsis who develop AKI are at
increased risk of death. Experimental studies indicate that
endotoxemia-related AKI is associated with both haemody-
namic and pro-inflammatory perturbations. Renal vasocon-
striction markedly contrasts with sepsis-induced generalized
systemic vasodilatation, which is strongly dependent upon
NO (Boffa and Arendshorst, 2005). Hyperactivation of sys-
temic renin-angiotensin system during sepsis is well known
(Almeida et al., 2006). The pro-inflammatory cytokines, spe-
cifically TNF-α, produced by renal mesangial, tubular and
endothelial cells, are involved in the renal damage
(Donnahoo et al., 1999). NO may also be involved in sepsis-
induced renal dysfunction that results in enhanced renal
blood flow, particularly to the medulla. NO and atrial natriu-
retic peptide (ANP) may induce vascular relaxation by
increasing the production of cGMP, an important mediator of
vascular tone during sepsis. The decrease in ANP clearance
was found to play a role in the pathogenesis of LPS-induced
kidney injury (Bae et al., 2011). The dysfunction of epithelial
barriers and endothelium has been reported in sepsis models
(Abraham and Singer, 2007).

Liver. Initiation of hepatic injury usually results from
decreased hepatic arterial blood flow after septic shock
(primary dysfunction). This can lead to poor hepatic micro-
circulation, resulting in acute cellular and mitochondrial
injury, leading to elevated hepatic transaminases, severe
hypoglycaemia and reduced production of coagulation
factors. These outcomes are usually restored as perfusion is
restored (Dhainaut et al., 2001). Kupffer cells, which play an
important role in bacterial products and inflammatory
cytokines, are damaged during primary dysfunction, leading
to reduced efficacy in removal of these products, resulting in
the spillage of bacterial products and inflammatory cytokines
to liver parenchyma, resulting in damaged sinusoidal
endothelium and hepatocytes. This also leads to increased
neutrophil infiltration. Excessive numbers of neutrophils in
liver tissue can increase oxidative damage in the liver, leading
to necrosis (Goya and Torisu, 1993)

Cardiovascular system. The heart is an important target organ
that is structurally damaged by severe sepsis/septic shock. In
sepsis, myocardial depression is observed in patients with low
and elevated cardiac outputs. Myocardial depression is mainly
due to elevated levels of TNF-α, IL-1β, IL-6, lysozyme C and
NO. Along with these biochemical mediators, microvascular
dysfunction, deregulation of β1-adrenoceptors and dys-
regulated changes in Ca2+ ions in the cytoplasm of myocytes

also play a very significant role in the reduction of myocardial
function (Celes et al., 2013). Troponin I, a marker of myocar-
dial injury, appears in the blood and its levels are increased
during sepsis (Abraham and Singer, 2007). The myocardial
changes in long-term human severe sepsis/septic shock can be
classified within the group of specific cardiomyopathies and
named inflammatory cardiomyopathy. Based upon experi-
mental studies, cardiac pathological changes associated with
reduced myocardial contractility in severe sepsis/septic shock
can be ascribed to the defect in the mechanical connection
between the intracellular cytoskeleton of cardiomyocytes and
the extracellular matrix, mechanical and electrical/chemical
uncoupling of cardiomyocytes and increased sarcolemmal
permeability and structural changes in the contractile appa-
ratus of cardiomyocytes. Therapeutic interventions leading to
modulation of intracellular calcium and oxidative damage in
cardiomyocytes can be a viable approach to provide beneficial
effects on cardiovascular outcomes, leading to reduction in
mortality induced by sepsis.

Microcirculatory failure. During sepsis/septic shock, in vivo
microcirculation is substantially altered. These alterations
include reduced capillary blood flow mainly due to systemic
pressure reduction and local arteriolar constriction. In severe
sepsis, the microcirculation is markedly decreased in the early
phases, resulting in detrimental effects mainly caused by
hypoperfusion and flare in tissue infection (Remick, 2007),
ultimately resulting in widespread capillary dilation. Hypop-
erfusion occurs mainly in the microcirculatory system due to
decreased perfusion pressure, decreased elasticity of red and
white cells, constricted arterioles, circulating obstructive frag-
ments (including haemoglobin) and plugging of microvessels
with thrombus and adherence of cells to capillary and
venular epithelial membranes resulting in increased resist-
ance to flow, loss of fluid and plasma proteins through abnor-
mal transcapillary exchange, differential vascular resistance
changes between various beds (e.g. intestinal vs. muscle) and
relative absence of regulatory neurohumoral control of small
vessel segments of the circulation (Ince, 2005). Hypoperfu-
sion in microcirculatory vessels during shock stops the
normal passage of cellular elements, including erythrocytes
and neutrophils. As a result of the predominance of many
destructive factors, a subsequent round of tissue damage may
occur. Because of prolonged capillary vascular stasis, deficient
flow and factors released from injured cells, the microcircu-
lation becomes a trap for uncontrolled bacterial growth
enhanced by sustained hypoxaemia, acidosis and toxaemia.
These events may combine to contribute to the loss of normal
cell integrity and death of the host.

Metabolomics: advanced approach for assessment of mortality in
sepsis. In case of sepsis, selection of optimized dose and
duration of therapy in clinical settings and a readily meas-
ured biomarker is usually necessary (Marshall, 2014). Most of
the biomarkers employed in preclinical models fail to clearly
define the clinical outcomes in sepsis due to the complex
nature of the pathophysiology of sepsis (Fry, 1996).

Metabolomics is a new biological technique that seems to
be a viable strategy for the identification and validation of
physiologically relevant biomarkers that are not covered by
other profiling techniques such as proteomics and genomics.
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This actually focuses upon the identification and measure-
ment of metabolite concentrations, employing NMR spec-
troscopy and MS coupled with other advanced techniques,
leading to established quantitative data sets for multiple
endogenous metabolites. It is an emerging component of the
systems biology approach for the discovery of clinically rel-
evant biomarkers and potential therapeutic targets (Stringer
et al., 2011).

Recently, several reports demonstrated metabolomic
approaches for better prediction of mortality outcomes in
sepsis in experimental, as well as clinical, settings (Dyson and
Singer, 2009; Marshall, 2014). Liu et al. (2010) identified char-
acteristic metabolites, including hypoxanthine, indoxyl
sulfate, glucuronic acid, gluconic acid, proline, uracil, nitro-
tyrosine, uric acid and trihydroxy cholanoic acid involved in
oxidative stress and tissue damage, and might supply evi-
dence for distinguishing burned septic rats from non-septic
ones (Liu et al., 2010). In another study, septic rats were
differentiated from non-septic rats on the basis of the
presence of increased concentrations of alanine, creatine,
phosphoethanolamine and myoinositol concentrations
in lung tissues, and increased concentration of alanine, crea-
tine, phosphoethanolamine and acetoacetate in serum
(Izquierdo-Garcia et al., 2011).

CLP in murine models or LPS in vitro resulted in a signifi-
cant decrease in hepatic oxygen consumption. There was a
significant decrease in oxidative phosphorylation measured
at 12 h. LPS also resulted in a significant increase in anaerobic
respiration in hepatocytes. Interestingly, metabolomic analy-
sis disclosed a metabolic shift in the liver from carbohydrate-
based energy to utilization of fatty acids and amino acids.
This included an increase in every tricarboxylic acid cycle
intermediate and derivative, suggesting an increased flux into
the cycle from fatty acid β-oxidation and anaplerotic contri-
butions from amino acids (Park, 2013).

Approaches to therapeutic
intervention in sepsis

The molecular pathophysiology of sepsis is highly complex
and thus provides many molecular targets for therapeutic
intervention (Figure 4). Approaches for therapeutic interven-
tion of sepsis may be subdivided into two classes, namely
experimental and clinical approaches (Table 1).

Experimental approaches
LPS sequestrants. The toxicity of LPS is mainly due to the
glycolipid component, lipid A. Neutralization of lipid A by
small molecules requires two protonable positive charges
spaced so that the distance between them are equivalent to
the distance between the two anionic phosphates on lipid A.
Synthetic and natural peptides such as polymyxin B (PMB),
peptoid 7, derivatives of anti-Limulus factor and antimicro-
bial peptides have been experimentally evaluated and found
to be useful as LPS sequestrants by various research groups.
Apart from these agents, spermine derivatives are also being
used as experimental agents for LPS neutralization.

PMB is a membrane-active peptide antibiotic that seques-
ters LPS and neutralizes its activity. It has higher affinity for

binding to LPS than any other peptide. However, the use of
PMB has been limited due to severe systemic toxicity (Novelli
et al., 2012). To overcome this limitation of PMB, several
molecules have been developed experimentally that bind to
LPS with high affinity but with less toxicity. Peptoid 7, a
synthetic peptide derivative and novel LPS-neutralizing mol-
ecule conjugated with polyethylene glycol (PEG) to overcome
the problems of poor aqueous solubility and non-specific
toxicity, has demonstrated improved survival in a murine
model of sepsis (Vicent et al., 2010). A cyclic peptide, CLP-19
(Limulus anti-LPS factor derivative), has been developed as a
LPS-neutralizing agent to treat septic shock having good LPS
binding activity. It also improves the survival of septic animal
models by down-regulating LPS-induced release of TNF-α
(Vallespi et al., 2003). Lactoferrin, a multifunctional protein
belonging to the transferrin family, shows antibacterial, anti-
viral, LPS-neutralizing and immunological activities (Gifford
et al., 2005). The antibacterial activity is mainly due to
enhancement of bacterial permeability to various agents by
disturbing bacterial membrane through binding to Ca2+

present on its surface (Farnaud and Evans, 2003). Lactoferrin
also has the ability to neutralize free LPS directly, thereby
preventing its action on TLR-4 and subsequent expression of
pro-inflammatory cytokines (Mattsby-Baltzer et al., 1996;
Elass et al., 2002; Puddu et al., 2010). The bactericidal/
permeability-increasing protein (BPI) is an endogenous
antibiotic protein that has potent anti-endotoxin and
anti-cytotoxic activities against Gram-negative bacteria. Bac-
tericidal neutralizing endotoxin protein (BNEP), a synthetic
peptide derived from the human BPI, shows anti-endotoxin
activity similar to BPI. Along with LPS-neutralizing activity,
BNEP also reduces the levels of TNF-α and IL-6 by decreasing
the circulating levels of endotoxin and protects animals from
the effects of LPS. BNEP and PMB bound LPS with a similar
affinity. Therefore, BNEP could protect animals from the
lethal effects of LPS through decreasing plasma endotoxin
and pro-inflammatory cytokines (Jiang et al., 2004).

Antimicrobial peptides, such as mesoparan and cathe-
licidins, have also found their usefulness due to their
dual action, antibacterial and LPS-neutralizing activity.
Mastoparan-1 (MP-1), a cationic amphiphilic tetradecapep-
tide toxin isolated from hornet venom, has both antibacterial
and LPS-neutralizing activity. Its antibacterial action against
Escherichia coli is due to the destruction of bacterial mem-
brane structures. MP-1 has high affinity for LPS and lipid A
and neutralizes LPS in a dose-dependent manner, but the
affinity is lower than that of PMB. MP-1 also reduces the
expression of TLR4, TNF-α, IL-6 mRNA and release of
cytokines induced by LPS (Yibin et al., 2005).

Cathelicidins are cationic host defence peptides that show
antimicrobial, LPS-neutralizing and immunomodulatory
activities when C-terminal peptides are activated by proteo-
lytic cleavage. The antimicrobial activity is mainly due to
pore formation in the cell membrane and interaction with
DNA, RNA and proteins. LPS-neutralizing activity was useful
in treating sepsis when there are high levels of pro-
inflammatory cytokines circulating in plasma, stimulated by
LPS (Shai et al., 2006). Cathelicidins also prevent the LPS-
induced apoptosis of endothelial cells. Cathelicidins, such
as human LL-37 and bovine BMAP-28, have been shown
to improve survival in mice with sepsis by decreasing
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LPS-mediated cytokine production (Giacometti et al., 2004;
Cirioni et al., 2006).

A novel lipopolyamine, 1,3-di-oleoyloxy-2-(6-carboxy
spermyl)-propylamide (DOSPER] has been described that
binds to LPS with affinity of 1/10 that of PMB (David et al.,
1999). Lysine–spermine conjugates neutralize bacterial LPS
with the ε-amino terminus of the lysinyl moiety, which binds
with long-chain aliphatic hydrophobic substituents in acryl
or alkyl linkage (Burns et al., 2005).

Geniposide, a new anti-sepsis agent extracted and isolated
from Gardenia jasminoides Ellis, shows a direct, neutralising
action on LPS. Geniposide also down-regulates the expression
of pro-inflammatory mediators following activation of TLR4
and also inhibits phosphorylation of p38 MAPK. It inhibits
TNF-α mRNA expression but has no effect on the levels of
TNF-α induced by CpG DNA (Zheng et al., 2010).

HMGB-1 inhibitors. HMGB-1 inhibitors have been found to
be beneficial in experimental sepsis. Low MW compounds
such as ethyl pyruvate, nicotine, stearoyl lysophosphatidyl-

choline, chloroquine, persicarin and isorhamnetin-3-O-
galactoside and peptides such as pituitary adenylate
cyclase-activating polypeptide (PACAP) inhibit HMGB-1 in
cell cultures, as well as in appropriate animal models.

Ethyl pyruvate, a derivative of pyruvic acid, inhibits acti-
vation of the pro-inflammatory transcription factors, NF-κB
and p38 MAPK, by blocking two signalling pathways that
are essential for cytokine release. Ethyl pyruvate also
decreased the expression of pro-inflammatory mediators
including inducible nitric oxide synthase (iNOS), TNF-α,
COX-2 and IL-6 in LPS-stimulated RAW 264.7 murine
macrophage-like cells (Ulloa et al., 2002; Yang et al.,
2002). During sepsis, inflammatory responses cause organ
dysfunction and mortality. Treatment with ethyl pyruvate
has been shown to improve survival and/or ameliorate
organ dysfunction in animal models of severe sepsis.
Yang et al. (2002) stated that ethyl pyruvate acts as an
immunological modulator and ameliorated physical and
immunological barrier dysfunction in sepsis (Yang et al.,
2002).

Figure 4
Scheme of experimental and clinical approaches used in the therapeutic interventions in sepsis.
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Nicotine is an alkaloid that also shows anti-inflammatory
action by binding to the nicotinic acetylcholine receptors
present on the surface of macrophages. Blockade of these
receptors affects the NF-κB pathway and attenuates the
release of HMGB-1 (Matthay and Ware, 2004), TNF-α and
iNOS via inhibiting haem oxygenase 1 (Tsoyi et al., 2011).
Inhibitors of cholinesterase, such as physostigmine or
neostigmine, activate the cholinergic anti-inflammatory
pathway and decrease the levels of pro-inflammatory
cytokines. Although these inhibitors improve survival in
sepsis, when treatment was delayed, benefit in reduction of
mortality was not observed (Fodale and Santamaria, 2008).
Stearoyl lysophosphatidylcholine, another HMGB1 inhibitor
that suppresses endotoxin, induced release of HMGB1 from
macrophages. Additionally, it removes foreign microorgan-
isms through H2O2-dependent mechanisms by stimulating
neutrophils. Therefore, stearoyl lysophosphatidylcholine
improves the survival of animal models in experimental
sepsis (Chen et al., 2005). Quercetin also suppresses the
release and pro-inflammatory activity of late HMGB1
cytokine (Tang et al., 2009).

Persicarin and isorhamnetin-3-O-galactoside inhibit LPS-
and CLP-mediated HMGB-1 release and HMGB-1-mediated
barrier disruption by increasing barrier integrity and by

inhibiting the expression of cell adhesion molecules,
thereby reducing leukocyte adhesion to HUVECs and leuko-
cyte migration. The treatment was effective when given in
two doses in early phase (12 h after CLP) and late phase of
treatment (50 h after CLP) and was not effective in reducing
mortality at single dose at 12 h after CLP (Kim et al.,
2013a,b).

Chloroquine, as well as its derivative hydroxychloro-
quine, by inhibiting HMGB1 release has been demonstrated
to have therapeutic potential for lethal sepsis and systemic
inflammation in an animal model of lethal endotoxemia and
sepsis in vivo (Yang et al., 2013).

Immune cells synthesize PACAP when they are exposed to
endotoxin. PACAP is an endogenous neuropeptide that acts
by attenuating the LPS-induced HMGB1, TNF-α and IL-6
release from macrophages. PACAP does not induce IL-10
directly, but increased production of IL-10 in LPS-stimulated
macrophages indicates its anti-inflammatory activity. There-
fore, PACAP attenuates the inflammatory response by modi-
fying the release of various mediators and improve the
survival in sepsis and septic shock (Tang et al., 2008).

Macrophage migratory factor (MIF) inhibitors. During inflam-
mation, macrophages, T-cells and pituitary gland activate and

Table 1
Approaches to therapeutic interventions in sepsis

S. No. Approach Class/Drug Mechanism of action References

1 Experimental LPS sequestrants Neutralize LPS activity Burns et al., 2005; Puddu et al., 2010;
Vicent et al., 2010; Zheng et al.,
2010

2 HMGB-1 inhibitors Block HMGB-1 activity Ulloa et al., 2002; Matthay and Ware,
2004; Chen et al., 2005; Tang et al.,
2008; 2009

3 MIF inhibitors Act against MIF Tohyama et al., 2008

4 Antimicrobial peptides Antibacterial and LPS-neutralizing
activity

Yibin et al., 2005; Shai et al., 2006

5 Curcumin Inhibits the transcriptional activity of
NF-κB

Kang et al., 2004

6 Diacerhein Attenuates the synthesis and activity
of pro-inflammatory cytokines

Calisto et al., 2012

7 Andrographolide sulfonate Suppresses the expression of TNF-α,
IL-1β, IL-6

Guo et al., 2012

8 Clinical Recombinant activated
protein C

Blocks factors Va and VIIIa, inhibits
cytokine production

Matthay, 2001

9 TLR4 antagonists Block TLR4 Sha et al., 2007; Opal et al., 2013

10 C5a receptor (C5aR) antagonists
and C1 inhibitors

Prevent activation of complement
system

Strachan et al., 2000; Charchaflieh
et al., 2012

11 Endotoxin removal devices Bind and neutralize LPS activity Davies and Cohen, 2011

12 Caspase inhibitors Anti-apoptic activity Weber et al., 2009

13 Oestrogen receptor-β agonists Suppress transcription of
pro-inflammatory genes

Cristofaro et al., 2006

14 Statins Inhibit LPS-induced activation of
NF-κB and antioxidant

Fraunberger et al., 2009
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release a pleiotropic cytokine MIF, which is an important
mediator of septic shock. The corresponding monoclonal
antibodies (mAbs) protect mice from septic shock by neutral-
izing MIF (Thierry Calandra et al., 2001). The main drawback
with the mAbs is local and systemic inflammatory reactions
during administration and, to avoid this complication, a
DNA-based vaccine that protects from sepsis by generating
endogenous anti-MIF antibodies has also been developed.
Active immunization with the MIF/tetanus toxin DNA
vaccine attenuates sepsis-related inflammation by decreasing
the elevated levels of TNF, IL-1β and IL-6 especially in the
lungs and protects the lung from acute injury (Tohyama et al.,
2008).

NF-κB inhibitors and antioxidants. Polyphenols such as cur-
cumin and flavonoids have been widely reported to have
antioxidant and anti-inflammatory activities. There are
numerous preclinical studies reporting the usefulness of treat-
ment of sepsis in terms of enhancement of survival in various
animal models of sepsis.

Curcumin. the yellow pigment present in the rhizomes
of turmeric Curcuma longa Linn., Zingiberaceae, has been
used for treating inflammatory and infectious diseases
in traditional Chinese and Indian medicine by virtue of its
anti-inflammatory, antioxidant, antiproliferative, and pro-
apoptotic, antibacterial and anti-cancer activity (Sun et al.,
2010). The anti-inflammatory activity of curcumin is mainly
due to its ability to inhibit the transcriptional activity of
NF-κB, activator protein-1, COX-2 expression and TREM-1
(triggering receptor expressed on myeloid cells-1) in mac-
rophages (Yuan et al., 2012; Kang et al., 2004), which results
in inhibition of pro-inflammatory cytokine release (Singh
et al., 2013). Curcumin also bound to myeloid differentiation
factor 2 (MD-2) and competitively inhibited binding of LPS to
TLR4 and suppressed LPS-induced inflammatory response
and improved survival in LPS-induced sepsis in mice
(Gradisar et al., 2007).

Quercetin is a flavonoid derivative and shows anti-
inflammatory action by reducing the levels of NO, IL-6 (via
inhibition of LPS-induced activation of MAPK), TNF-α and
HMGB1 through inhibition of the NF-κB pathway (Comalada
et al., 2005), increases mRNA expression of anti-
inflammatory enzyme haem oxygenase-1 (Heeba et al., 2014),
thereby decreasing susceptibility of neutrophils to LPS (Liu
et al., 2005).

In addition to curcumin and quercetin, polyphenols such
as epigallocatechin-3-gallate and paeonol have also demon-
strated beneficial effects by reducing inflammation induced
by LPS. Epigallocatechin-3-gallate inhibited NF-κB, thereby
reducing NO production and TNF-α and by inhibiting late
(e.g. HMGB1) pro-inflammatory cytokines. Naringin, another
flavonoid, was ameliorated LPS-induced sepsis in mice, via
the NF-κB pathway, and to reduced LPS-induced lung inflam-
mation by inhibiting MPS and iNOS activity (Liu et al.,
2011b). Pretreatment with paeonol in RAW 264.7 mac-
rophages and mice inhibited NF-κB and MAPK activities and
cytokines (TNF-α, IL-6, IL-1β and IL-10) in vitro and rescued
mice from lethal sepsis. Pro- and anti-inflammatory cytokines
were significantly down-regulated, and thus the survival rates
of LPS-challenged mice were improved by paeonol (Chen
et al., 2014). Degradation products of polyphenols such as

ferualdehyde also improve survival in murine model of sepsis
through reduction in levels of TNF-α and anti-inflammatory
cytokine IL-10 (Radnai et al., 2009).

Diacerhein is an anthraquinone derivative that has anti-
inflammatory, analgesic and antipyretic activity. In sepsis,
pro-inflammatory pathways are activated, releasing inflam-
matory mediators. Hypoglycaemia and insulin resistance are
induced by excess production of these mediators, leading to a
hormonal imbalance. Pro-inflammatory cytokines activate
intracellular pathways involving IκB kinase/NF-κB and JNK,
which are associated with insulin resistance (Marik and
Raghavan, 2004). Diacerhein attenuates the synthesis and
activity of pro-inflammatory cytokines such as TNF-α
and IL-6 via inhibition of the activation of NF-κB and reduces
the insulin resistance and higher levels of fasting plasma
glucose in animals with sepsis (Calisto et al., 2012).

Andrographolide is a natural diterpenoid, from Androgra-
phis paniculata, and it shows antibacterial, anti-inflammatory,
anti-tumour, anti-angiogenic, antiviral, hepatoprotective and
neuroprotective activities (Guo et al., 2012). Andrographolide
sulfonate, a water-soluble form of andrographolide, protected
against sepsis in animal models and reduced endotoxic shock
and death of animals. Andrographolide sulfonate suppresses
expression of TNF-α, IL-1β, IL-6 and iNOS and decreased the
levels of TNF-α and IL-1β (Guo et al., 2012). It also inhibited
the activation of MAPK, NF-κB and STAT3 (Guo et al., 2012),
which are important in the transcriptional induction of
several genes, such as those for iNOS,COX-2, TNF-α, IL-1β
and IL-6, involved in inflammation.

Recently, an extracellular polysaccharide from Bacillus sp.
strain LBP32 (EPS) has also been found to demonstrate inhi-
bition of LPS-induced release of pro-inflammatory mediators,
such as NO, ROS, IL-6 and TNF-α via inhibition of NF-κB
activation. In vivo experiments were conducted and showed
that EPS could greatly improve the outcome of mice with
LPS-induced endotoxic shock (Diao et al., 2014).

Bis-N-norgliovictin, a low MW compound from a marine
fungus, dose-dependently inhibited LPS-induced production
of TNF-α, IL-6, IFN-β and CCL2 (MCP-1), but without sup-
pressing macrophage viability and improves survival in sepsis
via attenuating liver and lung damage (Song et al., 2013).
Recently, therapeutic administration of lithium (25 and
50 mg kg−1) in a CLP model of sepsis in rats after 16 h has
been reported to decrease IL-1β, IL-6 and TNF-α in the serum,
and the 8-iso-prostaglandin F2α (8-ISO) levels, whereas
increasing level of superoxide dismutase (SOD) and the total
levels of GSH in the lung tissues of rats reduced the inflam-
mation in the lung (Albayrak et al., 2013).

Clinical approaches
Recombinant activated protein C (rAPC). rAPC was the first
anti-sepsis agent to be approved for treating severe sepsis
(Bernard et al., 2001b). This protein decreases the production
of thrombin by blocking coagulation factors Va and VIIIa,
resulting in inhibition of platelet activation, neutrophil
migration and mast cell degranulation (Matthay, 2001). rAPC
has anti-inflammatory properties such as inhibition of
cytokine production by monocytes and cell adhesion. Clini-
cal trials (phase II) of the rAPC (drotrecogin alfa; Xigris®, Eli
Lilly) in patients with severe sepsis demonstrated that it
decreased the coagulopathy and the sepsis-associated inflam-
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matory response (Bernard et al., 2001a). Administration of
rAPC decreased mortality and improved survival in patients
with sepsis at high risk of death (Dhainaut et al., 2004). The
U.S. Food and Drug Administration (FDA) and the European
Medicines Agency approved the use of rAPC in 2001
(Toussaint and Gerlach, 2009). The major adverse effect with
rAPC is bleeding and about 2.5% of patients had intracranial
haemorrhage with open-label use of rAPC (Warren et al.,
2002). Currently, rAPC is approved only for use in patients
with sepsis who have severe organ compromise and the
highest chances of death (Toussaint and Gerlach, 2009). In
October 2011, Eli Lilly withdrew Xigris from the pharmaceu-
tical market following the negative results of the placebo-
controlled PROWESS SHOCK trial (Dolgin, 2012).

TLR4 antagonists. Endotoxin induces a pro-inflammatory
response and systemic coagulation by acting on TLR4 recep-
tors and modifies signalling pathways through the adaptor
protein MD-2. TAK-242 is a novel cyclohexane derivative that
directly binds to TLR4. This agent inhibits LPS-induced pro-
duction of NO and cytokines such as TNF-α, IL-1, IL-6 and
IL-10 (Sha et al., 2007). Even after successful completion of
phase III clinical trials,Takeda discontinued TAK-242 in 2010,
because it failed to decrease cytokine levels in patients with
severe sepsis and septic shock. Eritoran tetrasodium (ETS)
(a second-generation synthetic LPS) blocks LPS activity by
competing for binding to MD-2, which, in turn, activates
TLR4 receptor. This binding prevents intracellular signalling
pathways, production of NF-κB and LPS-induced pro-
inflammatory cytokines (Mullarkey et al., 2003). After a clini-
cal trial (phase 3) on 2000 patients, Eritoran was withdrawn
due to its failure to show therapeutic benefits, that is, reduc-
tion in 28 days and 1 year mortality (Opal et al., 2013). Failure
of the eritoran trial demonstrated the importance of inflam-
matory pathways triggered by PAMPS, in addition to those
targeted by LPS, in the mortality due to sepsis (Tse, 2013).

C5aR antagonists and complement system inhibitors. PMX53, a
cyclic peptide, is a C5aR antagonist that inhibits C5a or
LPS-induced neutropenia and cytokine (TNF-α and IL-6) pro-
duction. The potent anti-inflammatory activities of this C5aR
antagonist play a key role in C5a-induced sepsis (Strachan
et al., 2000). A polyclonal IgG antibody against C5a has also
demonstrated beneficial effects in CLP-induced sepsis
(Czermak et al., 1999). The inflammatory responses due to
the activation of the complement system can be inhibited by
blocking C activation. The C1 inhibitor (C1-INH) is a serine
proteinase inhibitor that blocks complement activation and
improves survival in patients with sepsis but with lesser
effects on organ dysfunction (Charchaflieh et al., 2012).

Endotoxin removal devices. Nowadays there is increasing
emphasis on extracorporeal treatment, in which circulating
endotoxins and inflammatory mediators in the blood are
removed by appropriate adsorbents. Yin et al. (2012) devel-
oped L-serine grafted poly(vinylidene fluoride) membrane
fibres for extracorporeal removal of endotoxin, TNF-α and
IL-6 (Yin et al., 2012). As sepsis is mediated also by inflam-
matory cytokines, these were removed by haemodiafiltration
using a cytokine-adsorbing haemofilter, made from polym-
ethyl methacrylate (Hirasawa et al., 2012). Although PMB has

the highest affinity for bacterial endotoxin, its clinical use has
been limited because of its toxicity. To avoid this toxicity,
investigators have developed an endotoxin removal extracor-
poreal device to remove endotoxin (Toramyxin®) which con-
sists of an affinity column coated with PMB. Extracorporeal
passage of blood through this column removes endotoxin
from blood, without systemic toxicity. It has been approved
and is marketed in Europe and Japan since 2002 and 1994,
respectively, and is in phase III clinical trials in the United
States and Canada (Davies and Cohen, 2011). Recently, Milte-
nyi Biotech has developed amphiphilic core-shell nanosorb-
ents to remove endotoxin from protein preparations. These
are magnetic nanoparticles that are coated with polycationic
ligands that remove LPS from protein solutions with an effi-
ciency of 99% (Cai et al., 2012).

Caspase inhibitors. The majority of people die with sepsis
due to immunosupression or immunoparalysis, which is
follows excessive apoptosis in the intestine, lymphoid organs
and lymphocytes. Caspases are a subfamily of cysteine pro-
teases that are critical for apoptosis in sepsis (Salvesen and
Riedl, 2008) and caspase inhibitors should provide a good
approach to intervention in sepsis. Recently, a novel caspase
inhibitor, VX-166, which has potent anti-apoptotic activity,
inhibited the release of IL-1β and IL-18 and improved the
survival in LPS-induced sepsis (Weber et al., 2009).

Oestrogen receptor agonists. The biological activity of oestra-
diol is mediated through the oestrogen receptors (ER-α and
-β) which modulate anti-inflammatory response. The ER-β is
an important therapeutic target because it is not involved in
the proliferative effect of oestrogens in mammary gland and
uterus. ER-β agonists exhibit anti-inflammatory activities
through suppression of transcription of pro-inflammatory
genes (Cvoro et al., 2008). Cristofaro et al. (2006) showed that
a non-steroidal selective ER-β agonist, WAY-202196, has pro-
tective activity against septic shock.

Statins. Statins are inhibitors of 3-hydroxy-3-methyl glu-
taryl coenzyme A (HMG-CoA) reductase, used to treat hyper-
lipidaemia and also for protection from cardiovascular
dysfunction. They inhibit the synthesis of isoprenoids and
geranyl-geranylpyrophosphate, which are formed from the
mevalonate pathway. Statins have anti-inflammatory, anti-
apoptotic, anti-proliferative, antithrombotic, antimicrobial
and endothelium protecting activities. Because of these pleio-
tropic effects, statins have been used as adjunctive agents in
the treatment of sepsis (Falagas et al., 2008). Statins modify
the intercellular interactions and cellular chemotaxis of the
immune system, and they attenuate the release of cytokines
and acute phase proteins. They have antioxidant properties,
even though they reduce ubiquinone levels, which is an
endogenous antioxidant. Statins inhibit the expression of
certain genes, modify the activity of cells and are involved in
various mechanisms of the inflammatory response. Simvas-
tatin showed a marked reduction in mortality by protection
of cardiac function and reversal of inflammatory responses in
a burn-induced sepsis model in mice (Beffa et al., 2011). Sim-
vastatin inhibits LPS-induced activation of NF-κB and release
of TNF by blocking the activity of HMG-CoA reductase
(Fraunberger et al., 2009). Supporting the above study,
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Dobesh et al. (2009) demonstrated that statin treatment of
patients, before the development of severe sepsis, appeared to
produce a significant reduction in mortality, compared with
patients who were not treated with statins.

Recent approaches for therapeutic
interventions in sepsis

Pharmaceutical approaches
Targeting of therapeutic agents to specific tissues or cell types
has been widely reported to enhance the therapeutic activity
of molecules and reduce the toxicity in a range of diseases,
such as cancer and metabolic diseases (Shukla and Srivastava,
2012). Marketed parenteral emulsions like Intralipid® exhibit
many of the same properties as chylomicrons and may
prevent septic death by a similar mechanism (Figure 4). Chy-
lomicron and Intralipid particles are both rich in TG and are
of similar size. Intralipid particles acquire apolipoproteins
once in the circulation and, like chylomicrons, are rapidly
cleared by hepatocytes (Shao et al., 2012). Synthetic TG-rich
emulsions, as well as chylomicrons, have the capacity to
inactivate endotoxin in vitro and to prevent death from a
lethal dose of endotoxin in animals (Hultin et al., 1995). In
porcine and equine models of sepsis, beneficial effects of
phospholipid-enriched emulsion were clearly demonstrated
by reduction in serum endotoxin, cytokines and TNF-α level.
Liposomal delivery of ATP or NAD+ protects human endothe-
lial cells from energy failure in a cell culture model of sepsis
after 72 h of LPS/IFN exposure, indicating a potential
approach in treatment of sepsis (Han et al., 2001).

Polymers such as chitosan and low-molecular-weight
polyethylene glycol (LMW-PEG) can also affect the outcome
of sepsis. Chitosan is a linear polymer consisting of 2-amino-
2-deoxy-D-glucopyranose and 2-acetylamido-2-deoxy-D-
glucopyranose residues linked through a β-1,4-glycosidic
bond and have been used in various formulations to deliver
wide range of drugs (Shukla et al., 2010; Singodia et al., 2010;
Jain et al., 2014). Chitosan can directly interact with LPS and
form a stable LPS–chitosan complex. The induction of TNF-α
and IL-6 biosynthesis by LPS–chitosan complex is lower than
that of the parent LPS (Yermak et al., 2006). Chitosan pro-
tected mice from sepsis by decreasing oxidative tissue damage
and pro-inflammatory mediators (Qiao et al., 2011). Chitosan
oligosaccharides have been reported to possess antimicrobial,
anti-oxidative and anti-tumour, and immunopromoting
activities and reduced inflammatory responses (release of
TNF-α, IL-6) induced by LPS by blocking the binding of LPS to
TLR4/MD-2 receptor (Mishra, 2011) and inhibiting MAPK and
PI3K/Akt signalling pathways (Ma et al., 2011). Recently,
chitosan-capped gold nanoparticles were shown to reduce LPS
toxicity (Stefan et al., 2013). A derivative of chitosan, that is,
zwitterionic chitosan, also reduces the pro-inflammatory
activity of LPS by strongly binding to it and suppressing the
release of pro-inflammatory mediators from macrophages
(Bajaj et al., 2012). Kim et al. (2012) developed glycol chitosan-
conjugated eicosapentaenoic acid nanoparticles, which
showed anti-inflammatory properties by inhibiting NO pro-
duction and IL-1β secretion induced by LPS (Kim et al., 2012).

LMW-PEG reduces the inflammatory response induced by
bacterial endotoxin by decreasing the levels of cytokines

(TNF-α and IL-6) in the circulation. LMW-PEG also inhibits
the streptolysin-induced necrosis of human neutrophils and
LPS-induced activation of pro-apoptotic pathways. It reduced
the mortality by greater than 50% in both LPS and zymosan
models of sepsis. LMW-PEG has potent anti-inflammatory
properties and reduces mortality in models of severe systemic
inflammation and sepsis (Ackland et al., 2010).

PEG-conjugated SOD has been demonstrated to have a
very good antioxidant activity, leading to reduction of oxi-
dative stress in endothelium, heart, lung, liver and kidney,
and was able to protect the organs from damage and could be
a promising approach to treatment of sepsis and sepsis-
related organ damage (Veronese et al., 2002).

Recently, a group has synthesized Pi-PEG15-20
(phosphorylated-high molecular weight PEG) as an anti-
virulence agent with an observation that inorganic phos-
phate (Pi) was able to reduce virulence in a variety of
pathogens. This molecule limited the ability of colonizing
pathogens to express virulence in response to host-derived
and local environmental factors. Pi-PEG15-20 not only pre-
vented colonization of the introduced pathogen community
but also suppressed the propagation of opportunistic patho-
gen members of the commensal microflora and reduced pro-
inflammatory potential of the caecal contents (Zaborin et al.,
2014).

Mitochondria-targeted delivery of SOD by using a
pH-sensitive polyketal polymer, poly(cyclohexane-1,4-diyl
acetone dimethylene ketal (PCADK; Yang et al., 2008) has
been proposed for effective therapeutic intervention of
inflammatory disorders like sepsis. Polymer-encapsulated
SOD was efficiently targeted to phagosomes (due to acidic
pH-induced degradation of PCADK) and was able to reduce
ROS generation by the mitochondria of macrophages. The
main advantage of the polyketal polymer was that it has
neutral degradation products, compared with polyanhy-
drides, and thus has a lower potential to enhance inflamma-
tion (Lee et al., 2006).

Liposomal delivery of therapeutic agents has also been
reported to decrease the severity of sepsis and to limit organ
injury. Liposomes loaded with dexamethasone and anti-
TNF-α siRNA, TJU-2755 (Ponnappa et al., 2001), have
been used for prophylaxis to alleviate LPS-induced tissue
injury in sepsis (Suntres and Shek, 2000). Liposomal
dichloromethylene-diphosphonate decreased plasma TNF-α,
CXCL2 (MIP-2) and IL-10 in mice depleted of tissue mac-
rophages, compared with control groups of mice, although it
was not helpful in reducing the severity of bacteremia or
survival of septic mice (Fujimoto et al., 2002). Delivery of
proanthocyanidins via chitosan-coated liposomes induced a
dose-dependent attenuation of iNOS and COX-2 expression
in LPS-stimulated macrophages (Madrigal-Carballo et al.,
2009). Brahmamdam et al. (2009) used a novel cyclodextrin
polymer-based transferrin targeted delivery vehicle to admin-
ister siRNA targeted for two critical mediators of apoptosis,
Bim and PUMA (cell death proteins), in a mouse model of
CLP-induced sepsis. The study demonstrated that this tar-
geted approach markedly decreased lymphocyte apoptosis
and prevented the loss of splenic CD4 T- and B-cells
(Brahmamdam et al., 2009).

Nanoparticles are used to improve bioavailability and
pharmacokinetics or are employed for targeting loaded thera-
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peutic agents to specific organs, which may improve thera-
peutic outcome in sepsis. However, the therapeutic efficacy at
any stage of sepsis is dependent upon the mechanism of
action of therapeutic agents. For example, the stages at which
neutralization of LPS or TNF-α might benefit would differ
from that stage, which might benefit from administration of
granulocyte macrophage colony-stimulating factor (GM-
CSF), a growth factor for myeloid cells or agents acting on
HMGB-1, which is a late pro-inflammatory agent. Nanocarri-
ers, that is, chitosan-coated gold nanoparticles (Stefan et al.,
2013) and parenteral lipid nanoemulsion (Hultin et al.,
1995), interacted with LPS in vivo to neutralize and redirect
LPS to excretion pathways in the body.

Application of nanotechnology for drug delivery in sepsis
faces a real challenge in any successful translation from pre-
clinical phase to clinical settings (Opal and Patrozou, 2009).
Currently, there are very few reports pertaining to application
of nanotechnology for delivery of antisepsis agents (Table 2).
The main impediment for nanotherapeutics is the very slow
translation from experimental stages to the clinic. So far,
there are very few nanotechnology (i.e. Abraxane and Doxil)-
based therapeutic agents approved by the FDA (Park, 2013)
but the positive side is that the number of such agents in
clinical trials have increased and it can be assumed that, in
the near future, more nanotechnology-based drug delivery
systems will be clinically available. The choice of appropriate
nanocarriers is not clear, because of the lack of comparative

studies, and suitable protocols to determine the optimal char-
acteristics of nanocarriers remain to be defined. These issues
are important because several factors may simultaneously
affect biodistribution of nanocarriers in humans (Peer et al.,
2007). Triggering of sensitization reactions by nanoparticu-
late systems should be thoroughly evaluated as there are
reports of generation of antibodies against fullerenes (Chen
and Hongjie, 2003) and dendrimers (Lee, 2001; 2004). Apart
from this, there are numerous questions about nanotoxico-
logical issues associated with nanotherapeutic agents (Huh
and Kwon, 2011; Park, 2013). The challenge lies in proper
evaluation of interaction of nanotherapeutic agents with
tissues and organs in order to recalibrate the doses according
to clinical needs and identification of proper administration
procedures in order to obtain desired therapeutic effects.

Targeted delivery of anti-sepsis molecules to the site of
action can be achieved by passive or active targeting to spe-
cific tissues, so that the effect of anti-sepsis molecules can be
enhanced. Novel drug delivery approaches can be explored
further for their effect on modification of the molecular phar-
macology of anti-sepsis molecules.

Biomedical approaches
Stem cells possess a variety of anti-inflammatory, antimicro-
bial, anti-apoptotic and cytoprotective properties that could
ameliorate sepsis-induced inflammation and organ injury.
Mesenchymal stem cells (MSCs) are non-haematopoietic

Table 2
Different nanoparticle-based approaches for experimental treatment of sepsis

S. No. Formulations Therapeutic outcome Reference

1 Liposomes loaded ATP or NAD+ Protect human endothelium from energy failure in cell culture
models

Han et al., 2001

2 Ciprofloxacin-loaded lipid
emulsion

Animal survival improved in LPS-induced sepsis mice model Mishra, 2011

3 Chitosan capped gold
nanoparticles

Protective effects against LPS-induced toxicity in rats Stefan et al., 2013

4 Antisense oligonucleotides in
pH-sensitive liposomes

LPS-induced production of TNF-α in rats Ponnappa et al., 2001

5 Liposomal dexamethasone Prophylaxis against LPS-induced lung injuries in rats Suntres and Shek, 2000

6 Curcumin exosomes Mice treated with exosomal curcumin have much lower
mortality than mice treated with an equivalent concentration
of liposomal curcumin

Sun et al., 2010

7 Minocycline nanoliposomes Reduction in LPS induces TNF-α by macrophages at lower doses Liu and Yang, 2012

8 Puerarin and curcumin loaded
gold nanoparticles

Suppression of LPS-induced inflammation and cytotoxicity in
rats

Singh et al., 2013

9 Glycyrrhizic acid nanoparticles Inhibition of LPS-induced inflammatory mediators in 264.7
mouse macrophages

Wang et al., 2013

10 Red blood cell-mediated delivery
of dexamethasone

Selective inhibition of NF-κB activation and TNF-α production in
macrophages

Crinelli et al., 2000

11 Ciprofloxacin-bearing cationic
nanoemulsions

Reduction in LPS released from E. coli and reduction in cytokine
secretion in E. coli-induced peritonitis in rats

Jain et al., 2014

12 Parenteral triglyceride-rich
emulsions

Have the capacity to inactivate endotoxin in vitro and to prevent
death from a lethal dose of endotoxin in animals

Hultin et al., 1995

13 Peptoid 7 PEG micelles LPS neutralization in vivo improves survival in mice with sepsis Vicent et al., 2010
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precursor cells derived from a variety of tissues, including
bone marrow, adipose, placenta and umbilical cord. MSCs
have the ability to repair injured tissues, paracrine signalling
effects, immunomodulatory capacity and are also potential
antimicrobial agents. These properties improve organ dys-
function and survival in animal models of sepsis. The TNF-
stimulated gene is an anti-inflammatory factor secreted by
MSCs, that interacts with the CD44 receptor of resident mac-
rophages and decreases the expression of TNF-α via down-
regulating NF-κB signalling pathways. The cathelicidin LL-37
peptide shows antimicrobial properties by disrupting bacte-
rial membranes and is secreted by MSCs in response to E. coli
(Wannemuehler et al., 2012). A recent study has shown that
administration of human MSCs reduces mortality in mice
with sepsis by enhancing bacterial clearance and phagocytic
activity of monocytes in blood (Krasnodembskaya et al.,
2012).

Agents inhibiting neutrophil migration
The clearance of pathogenic microorganisms from circulation
depends upon neutrophil migration into the infectious site.
The chemokine receptor CXCR2 is a key mediator controlling
neutrophil migration from the systemic circulation to the site
of infection. During sepsis, TLRs are activated and increase
levels of G protein-coupled receptor kinase 2 (GRK2), a

protein kinase that plays a major role in the phosphorylation
and down-regulation of CXCR2, leading to inhibition of
neutrophil migration. The cytokine IL-33 is an endogenous
molecule belonging to the IL-1 family expressed by fibro-
blasts, epithelial, endothelial, mast and innate immune
cells in response to infection. IL-33 prevents TLR-mediated
down-regulation of CXCR2 and promotes neutrophil
migration by suppressing the expression of GRK2. This
phenomenon has been demonstrated experimentally,
where IL-33-treated mice showed increased neutrophil influx
into the peritoneal cavity and bacterial clearance compared
with untreated mice. Therefore, increasing IL-33 would be
an important therapeutic approach to attenuate sepsis
(Alves-Filho et al., 2010).

Kukoamine B (a natural spermine alkaloid from the
Chinese herb Cortex lycii) inhibits both LPS and CpG DNA,
decreasing release of TNF-α and IL-6, which improves survival
in sepsis compared with other drugs (PMB) that target only
LPS (Liu et al., 2011a).

Translation of anti-sepsis therapy from bench
to bedside: a major challenge
There are many reports indicating potential advantages of a
variety of therapeutic agents in animal models of sepsis, but
the majority of them have failed in clinical settings (Table 3).

Table 3
Current status of anti-sepsis agents in clinical trials

S. No. Drug Company Mechanism Phase/Comments

1 Toraymyxin Spectral Diagnostics Removes endotoxin IIIb

2 Alkaline phosphatase AM-Pharma Detoxifies bacterial Products II

4 Eritoran (E5564) Eisai Antagonizes TLR4 III; failed to reduce 28 day and 1
year sepsis-induced mortality

5 Lactoferrin-α Agennix Immunomodulatory and
Antibacterial properties

II/IIIa

6 CytoFab (AZD9773) Astra Zeneca Fab fragments of IgG that bind to
TNF-α

II; further clinical development
has been stopped

7 Resatorvid (TAK 242) Takeda Antagonize TLR4 III; further clinical development
has been stopped

8 SRT2379 GlaxoSmithKline Sirtuin-1 activator I

9 Bicizar BioGenius C1-esterase inhibitor blocks
complement activation

III

10 Citrulline Vanderbilt University Precursor of NO II

11 Hydrocortisone Charite University,
Berlin, Germany

Alters cytokine response III

12 Recombinant human soluble
thrombomodulin (ART-123)

Artisan Pharma, Inc. Binds to thrombin II

13 Anti-TF mAbs (ALT-836) Altor Bioscience
Corporation

Blocks TF induced inflammation II

14 Atorvastatin Hospital de Clinicas de
Porto Alegre

Suppression of the TLR-dependent
inflammatory pathway

II

Data were obtained from http://www.clinicaltrials.gov (as of 22 October 2012).
aThe OASIS trial of talactoferrin alfa should be completed by 2014.
bEUPHRATES trial of endotoxin removal by haemoperfusion through a polymyxin B column is scheduled for completion in 2013 (The Lancet
Infectious Diseases, 2012).
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This may be attributed to lack of extrapolation of findings
from animal models to clinical sepsis (Celes et al., 2013). To
establish correlation between preclinical trials and subse-
quent clinical studies, we need a suitable animal model mim-
icking outcomes in clinical settings (Dyson and Singer, 2009).
It is very unlikely that a single therapeutic molecule could
ever be useful in treating the widespread dys-regulation of the
inflammatory response that occurs during septic shock.
Recently, sepsis has been demonstrated to have an early
inflammatory phase and later immunosuppressive stages
with higher risk of mortality in both phases. So, trials involv-
ing a combination of therapeutic intervention for both
phases should be of more value in improving clinical out-
comes. Mortality in the immunosuppressive phase are typi-
cally due to failure to control the primary infection or the
acquisition of secondary hospital-acquired infections, often
with opportunistic pathogens (Hotchkiss et al., 2013). In
addition to this, patient-specific factors, such as age, gender,
co-morbidities and genetic predisposition, also play key roles
in determining the individual response to therapy.

When designing clinical trials in sepsis, critically ill
patients should be stratified according to severity of illness in
order to maximize the signal-to-noise ratio of new therapeu-
tic agents. Defined human target populations and established
severities of sepsis would allow for more realistic and appli-
cable animal models (Riedemann et al., 2003). The focus of
future clinical trials should be on more stratified populations
with either specific diseases, that is, community-acquired
pneumonia or peritonitis or specific biomarkers to identify
patients who are likely to benefit from the intervention;
for example, if one is seeking to test an antibody to TNF-α,
one should enrol only patients with pathologically high cir-
culating levels of TNF-α (Lopez et al., 2004; Tse, 2013). In
most of the cases, correlation between pharmacokinetic/
pharmacodynamic (PK/PD) data and experimental efficacy
for anti-sepsis molecules is also lacking. This deficiency can
also be a major contributor to the unsuccessful translation of
experimental studies to clinical levels. Thus, gaining informa-
tion about PK/PD correlation of a particular therapeutic inter-
vention can be more relevant and may result in improving
clinical outcomes (Fry, 1996).

Immunostimulants in sepsis-induced
immunosuppression
Survival of patients after the early phase of sepsis (the cytokine
storm) is improved by a better treatment protocol, leading to
their entry into a protracted immunosuppressive phase. Sur-
vival in this later phase is usually dependent upon the degree
of immunosuppression. Patients suffering from severe immu-
nosuppression, as indicated by a reduced expression of
HLA-DR (MHC class II cell surface receptor encoded by the
human leukocyte antigen) in myeloid cells, after the early
phase of sepsis, frequently have infectious foci despite the
antimicrobial therapy, or reactivation of latent viral infections
such as cytomegalovirus (Giamarellos-Bourboulis, 2013).

Improvement in survival was associated with decreased
lymphocyte apoptosis, restoration of innate immune cell
populations, increased pro-inflammatory cytokines and res-
toration of IFN-γ production by stimulated splenocytes on
treatment with AS101 (ammonium trichloro-dioxoethylene-
o,o′ tellurate) a compound blocking production of IL-10, a key

mediator of immunosuppression in a mouse model of sepsis
(Muenzer et al., 2010). Immunostimulatory therapy with bio-
logical molecules such as cytokines (IL-7 and IL-15) has dem-
onstrated efficacy in models of infection including sepsis by
preventing apoptosis-induced depletion of immune cells and
diminishing immunosuppressive effect on phagocytic cells
(Hotchkiss and Opal, 2010). GM-CSF shortened the time of
mechanical ventilation as well as ICU stay by restoring
monocyte HLA-DR expression and cytokine release in
patients with sepsis and sepsis-associated immunosuppres-
sion, but improvement in 28 day survival was not evident
(Meisel et al., 2009). All trans-retinoic acid (ATRA) has been
reported to restore immunocompetence and improve the
primary humoral immune response, even when immunosup-
pression was established first and ATRA was administered
subsequently, mainly by modulating the number of leuco-
cytes and the survival of myeloid-derived suppressor cells
(Martire-Greco et al., 2014).

Benjamim et al. (2005) exhibited the usefulness of
intrapulmonary administration of bone marrow-derived DCs
in controlling pulmonary Aspergillus infection in immuno-
compromised post-septic mice. This effect was mediated by
promoting the balance of pro-inflammatory and suppressive
cytokines in the lung, thereby restoring the normal immune
function in post-septic mice (Benjamim et al., 2005). Primary,
secondary and T-cell-mediated immune responses were
restored with mifepristone (RU486), an antagonist of gluco-
corticoid receptors (Rearte et al., 2010). Other modulators of
glucocorticoids, such as dehydroepiandrosterone, a hormone
with anti-glucocorticoid properties, or metyrapone, an
inhibitor of corticosterone synthesis, were able to partially,
but significantly, restore the humoral immune response in
immunosuppressed mice (Rearte et al., 2013). A significant
recovery of splenocyte proliferation and restoration of dis-
tinct cellular components leading to reorganization of spleen
architecture was also observed, resulting in restoration of the
hypersensitivity response, with these treatments.

The value of thymosin α1, a naturally occurring thymic
peptide, as a promising beneficial immunomodulatory drug
in therapeutic intervention of sepsis-related immunosupres-
sion was demonstated in a clinical trial. Thymosin α1
resulted in an increase in survival rates of patients having
severe sepsis and improved mHLA-DR level in blood on the
third and seventh day of treatment (Wu et al., 2013).

Expert opinion
Inflammation has been known to act as double-edged sword
in case of severe infection and sepsis. Mediators, specifically
pro-inflammatory cytokines, play a central role in the patho-
physiology of sepsis by contributing to organ injury, shock
and death. However, they are also vital components in the
clearance of microbial infections from tissues and in case of
innate immunity, specifically in late phase of sepsis where
immunosuppression becomes an important aspect of patho-
physiology. Failure of most of the experimental strategies in
the therapy of sepsis in clinical settings may be ascribed to
the fact that most of therapeutic strategies are focused on
preventing early deaths by attenuation of hyperactive
immune system at initial stages rather than combating the
progressive development of immunosuppression in late
phases of sepsis due to secondary bacterial, fungal and viral
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infections, which is the main cause of death in late phases of
sepsis.

These facts underlie the need of a dual-action compound
or a combination of agents to provide a therapy that reduces
mortality by acting on both late and early phases of sepsis.
preventing the early over-activation of immune response and
reversing the immunosuppression in late phases of sepsis.
This goal can be achieved by opting for a logical therapeutic
regimen comprising a combination of different agents for
early and late phases of sepsis in clinical settings to achieve a
better therapeutic response. Agents such as curcumin could
provide better therapeutic outcomes in clinical settings
because of its effects on several targets in the pathophysi-
ological pathway of sepsis.

It is also likely that binding of LPS by extracellular mol-
ecules may not be enough to target the bound complex to
the liver parenchyma and metabolic inactivation and
therefore, it is necessary to elucidate the pathway of targeting
the bound complex to the liver, using pharmaceutical
approaches. In our laboratory, we have obtained good evi-
dence for anti-endotoxin treatments. As serotype-specificity
or epitope-specificity limits the therapeutic applications, it
would be beneficial to have a compound capable of non-
specifically binding to one or more sites on the LPS chain by
employing well-known, safe excipients to achieve hydropho-
bic as well as electrostatic interaction with LPS. Use of novel
drug delivery systems, such as nanoparticles and emulsions,
can be tested in clinical settings to improve therapeutic
outcome in sepsis by improving bioavailability and tissue
distribution affected by sepsis-induced damage. Evaluation of
the PK and PD parameters of a new therapeutic intervention
has been minimal in experimental and clinical settings.
Initial dosing is typically inferred from results in animal
models and the final dose selected by an optimistic interpre-
tation of mortality data from a phase II trial. Proper evalua-
tion of PK and PD parameters and their correlation may lead
to better monitoring of therapy in experimental and clinical
settings.

Conclusion

Sepsis is an inflammatory condition involving a complex
interaction of multiple pathways, which leads to fatal out-
comes. The array of outcomes due to sepsis may lead to
multiple organ failure and ultimately death. Pharmacological
agents currently being employed in the intervention of sepsis
and related conditions in both clinical and experimental
settings are statins, Bicizar® (complement C1-esterase inhibi-
tor) and phenolic compounds such as curcumin and flavo-
noids. The main problem with most of the experimental
agents is their poor PK properties, which may present a sig-
nificant hurdle in the development of these agents into a
potential clinical candidate. Other reasons are the poor cor-
relation in outcomes between preclinical studies and clinical
trials hindering the development of experimental anti-sepsis
molecules. Extracorporeal removal of endotoxin is still a pre-
ferred approach to achieve better survival in clinical settings
but there is an urgent need to develop intracorporeal
approaches specifically for clinical settings.

Risk of mortality is also high in a hypo-immune condition
after the cytokine storm, because of the increased probability
of secondary infections, which limits the scope of anti-
inflammatory agents in the therapeutic intervention of
sepsis. Treatment of secondary infection is still a challenging
task in the hypo-immune conditions after sepsis. This clearly
dictates the need of agents that are capable of maintaining
normal immune function in hyper- as well as hypo-immune
states.

Although targeted drug delivery in sepsis is still is in its
infancy, there are reports indicating improvement in the
therapeutic performance of anti-sepsis molecules, via more
efficient drug delivery strategies and this approach still has
promise in improving outcomes in clinical settings. Pharma-
ceutical excipients such as chitosan and PEG have sufficient
activity against LPS, which may improve the outcome of
sepsis therapy. Phospholipids in the form of emulsions can
serve as carriers for anti-sepsis molecules, providing nutrition
as well as enhancing removal of endotoxin. To further
improve the outcomes via therapeutic agents, targeted drug
delivery approaches should be considered as one of the inte-
gral components in the drug development programmes for
sepsis.
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